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The concepts of many optical devices are based on the fundamental physical phenomena such as
resonances. One of the commonly used devices is an electromagnetic antenna that converts localized
energy into freely propagating radiation and vise versa, offering unique capabilities for controlling
electromagnetic radiation. Here we propose a concept for controlling the intensity and directionality
of electromagnetic wave scattering in radio-frequency and optical antennas based on the physics
of Fano resonances. We develop an analytical theory of spatial Fano resonances in antennas that
describes switching of the radiation pattern between the forward and backward directions, and
confirm our theory with both numerical calculations and microwave experiments. Our approach
bridges the concepts of conventional radio antennas and photonic nanoantennas, and it provides a
paradigm for the design of wireless optical devices with various functionalities and architectures.
I. INTRODUCTION
The communication flow transfused the modern world,
and one of the key elements of current communication
networks is an antenna that converts effectively the elec-
tromagnetic energy between localized and propagating
waves. Since the first design of antenna in 1886 by Hein-
rich Hertz, sizes, shapes, and materials of antennas were
evolved dramatically just reflecting both human needs
and technology progress. Along with the technological
progress, a theory of antennas has been developed start-
ing from the theory of radio-frequency antennas formu-
lated around the middle of XX century.
The first decade of the XXI century demonstrates
the needs for global miniaturization, and nanotechnology
makes it possible to scale down many electronic and pho-
tonic devices, thereby opening up new horizons for their
applications. One of such devices is an optical nanoan-
tenna that converts localized energy into freely propa-
gating optical radiation and vise versa, offering unique
capabilities for controlling electromagnetic radiation at
the nanoscale1. Nanoantennas are considered as key ele-
ments in nanodevices being designed for a wide range of
applications2–10. Besides, recent evidence suggests that
a variety of organisms may harness an antenna for cap-
turing sunlight and storing its energy transiently11,12.
Recent research activities in nanophotonics are mainly
focused on the studies of plasmonic nanoantennas created
by metal nanoparticles that increase the effectiveness of
radiation or reception of signals of individual molecules
or single quantum dots by several orders of magnitude,
due to the Purcell effect13–18. On the other hand, an
optical nanoantenna should provide a low level of dissi-
pation losses that is a serious weakness of all plasmonic
devices. For this reason, several research teams turn their
attention to the study of all-dielectric antennas with con-
siderably low losses in the visible19–21.
Efficiency any antenna can be enhanced substantially
by resonance phenomena, which can shape and govern
the structure of far-field radiation patterns. The reso-
nances of different nature can be considered including the
Bragg resonance associated with periodically arranged
elements, i.e. based on a photonic crystal structure22.
However for problems addressed by single quantum ob-
jects, the most fruitful approach is to lower the antenna
symmetry by adding some elements with resonance scat-
tering. In the radio-frequency range, such antennas cor-
responds to the concept proposed by Yagi being based
on a resonant element called a reflector that forms a ra-
diation pattern (the so-called Yagi-Uda antennas)23. To
obtain a narrow radiation pattern, several elements re-
ferred to as directors are used additionally23,24.
Very different engineering solutions that define the an-
tenna architecture can be reflected in the electromagnetic
spectrum shown in Fig. 1. Here we refer to Yagi-Uda an-
tennas that have been studied for the optical frequency
range with metallic nanorods2,6,25–30. Besides, the spher-
ical metal particles and split-ring resonators have been
suggested as elements of Yagi-Uda antennas31–34. We
emphasize that all structure elements that used so far in
the antenna design are characterized by a resonant re-
sponse to an external electromagnetic field which, as we
show below, can be properly engineered.
Here we propose a concept for controlling the intensity
and directionality of electromagnetic wave scattering for
any antenna, including radio-frequency antennas and op-
tical nanoantennas. Our concept is based on the physics
of Fano resonance35 that involves both constructive and
destructive interference of a narrow frequency spectrum
line with a broad spectral band. If two scattering chan-
nels have different locations in space, the relative phase
shift depends on radiation directions that induce an ex-
traordinary Fano resonance with the possibility of switch-
ing between the forward and backward radiation direc-
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FIG. 1: (Color online) World of antennas. Examples of different devices with antennas and single antennas in the parameter
plane antenna size vs. operating frequency. Region of the typical size is marked by yellow. Circles show the results of different
experiments with Yagi-Uda radio-frequency and nanoantennas from6,19,23,25,27,28,32. Red dot marks our experimental data.
tions. The Fano resonance is observed when the wave
scattering occurs through multiple channels, one of these
channels possess a narrow resonance in which the spec-
tral dependence of phase undergoes a change by pi, while
other channels do not show a sharp change in the phase,
forming the so-called continuum. Fano resonance has
been observed across many different branches of physics,
such as the studies of magnetization36 and electronic po-
larization phenomena, semiconductor and superconduc-
tor37,38 optics, as well as in various nanoscale objects
including photonic and plasmonic structures39–45.
We consider Fano resonance as an interference of two
waves. The first one is proportional to AeiδA(ε + i)−1
(the Lorenz function) and the second one is defined as
BeiδB . Here A, B, and δA,B are real functions with rel-
ative changes in the frequency range of interest being
negligible in comparison with the Lorenz function. Due
to the interference, the resulting wave intensity can be
written in the form,
I(ω) =
(
(q + Ω)2
1 + Ω2
η + (1− η)
)
B2, (1)
where q is the Fano asymmetry parameter, Ω = (ω −
ω0)/(Γ/2) is the dimensionless frequency, ω0 is the cen-
tral frequency, and Γ is the width of the narrow band.
Experimentally observed background component that
does not interfere with the narrow band37,41,42 is ac-
counted by the introduction of an interaction coefficient
η ∈ [0..1]
η =
2F cos2 δ
F + 2 sin δ +
√
F 2 + 4F sin δ + 4
, (2)
where F = A/B and δ = δA − δB are the relative in-
tensity and phase difference, correspondingly. The Fano
parameter of our special interest is
q = cos δ F/η. (3)
Equation (1) shows that depending on the sign and
value of q, the Fano-type spectra have four character-
istic shapes. For special values of q the narrow band is
symmetrical (q = 0 and q > ±∞) while in the general
case where −∞ < q < 0 or 0 < q < +∞, a narrow band
exhibits an asymmetric profile, that switching its shape
into mirror image with changing of the sign of q.
Here we demonstrate that the unique flexibility of the
narrow band leads naturally to a possibility for manip-
ulating the spatial dispersion of the antennas’ radiation.
If resonant and nonresonant sources are placed asym-
metrically relative to the antenna center, the Fano res-
onance will lead to the suppression of the radiation in
some directions with the radiation enhancement in other
directions. As a result, an asymmetric antenna with a
resonance element will exhibit a dramatic modification
of the radiation patterns and switching of the main lobe
between the forward and backward directions. Here we
consider a challenging case when the underlying mecha-
nism of the Fano resonance leads to the transformation
3of the radiation pattern in the three-dimensional space
while generally discussed Fano analysis is carried out for
the spectral scale39,40,44,45. The Fano parameter q, which
determines the shape of the narrow line, in the case of
antennas becomes spatially dependent. We call the an-
tenna those operation is based on the physics of Fano
resonances as Fano-antenna.
II. RESULTS
A. General approach based on the concept of Fano
resonances
First, we notice that for most types of antennas we
can introduce a source of the radiation characterized by
a dipole moment. Because of reciprocity, the source is
usable for both emitting and absorbing radiation, and
hereafter it is referred to as E/A-feed. In an antenna,
the electromagnetic wave undergoes a series of scattering
events on the additional elements as well as on the E/A-
feed that leads to a change in the dipole moment of the
E/A-feed and in the response of the scatterers. A change
of the dipole moment in the presence of a resonator is
known as the Purcell effect, which depends on the ge-
ometry of the E/A-feed. We do not consider a specific
type of the E/A-feed, and normalize the dipole moment
to unity. This normalization has no effect on the rela-
tive amplitude of the radiation propagating in different
directions, i.e. on the far-field pattern.
Next, we introduce the second antenna element (di-
rector or reflector) having a resonant response (hereafter
referred to as D/R-element). As a result, the electro-
magnetic wave may reach the same far-field state via two
different channels. The first traveling path from the E/A-
feed directly to the far-field zone corresponds to the for-
mation of a broad background, where the wave phase and
amplitude are nearly constant in the spectrum range of
interest. The second traveling path includes the scatter-
ing event on a D/R-element having a resonant response
and leads the formation of a narrow band, where the wave
phase changes by pi. If the amplitude of the narrow band
can be approximated by Lorenz function, the result of
the interference of two waves in the far-field zone can be
described by the Fano formula (1).
Departing from this general view and with the inten-
tion to further deepen our understanding of emitting and
absorbing of electromagnetic waves in Fano-antennas, a
number of challenging problems can be formulated: How
to separate a Lorenz function for the amplitude of the
narrow band for different real types of antennas? What
determines the Fano asymmetry parameter q? And prob-
ably the most important question - is it possible to switch
the direction of the main lobe by changing the sign of the
Fano asymmetry parameter q at realistic geometric pa-
rameters of antennas?
In general, a real D/R-element can not be described by
only one resonance and there is a superposition of multi-
pole moments. We will demonstrate that in most cases it
is possible to separate an isolated dipole moment, which
in the resonance region can be described by the Lorenz
function multiplied by a slowly varying background orig-
inating from other multipole moments. Using an ana-
lytical model presented here, an optimal configuration
of the Fano-antennas elements can be found in a first
approximation and parameters of the model can be fit-
ted numerically using a non-linear optimization method
(e.g. Levenberg-Marquardt method). Note that the in-
teraction between the E/A-feed and the D/R-element is
taken into account by normalizing the E/A-feed dipole
moment.
The most detailed theory has been developed for ra-
dio antennas. Traditional assumption about the descrip-
tion of radio antennas is based on the framework of ef-
fective electrical parameters, which depend on geomet-
rical configuration of the antenna24. The resonant fre-
quency of the thin metal wire antenna corresponds to a
first approximation to the half-wave antenna condition
L ≈ λ/2, where L is a length of the wire. For the long
wire L > λ/2, the impedance has mainly inductive char-
acter, and for the short wire L < λ/2 the impedance has
capacitive character. By contrast, here we consider the
response of the antenna to the electric field, which in the
case L < λ can be described in terms of electric dipole
momentum46.
To make the discussion more clear, we consider two
regimes of the Fano-antenna operation depicted schemat-
ically in Fig. 2. A resonant D/R – element can have re-
flecting or directing properties depending on the phase of
the response. Note that the condition for a wave propa-
gation to the forward direction depends only on a phase
shift ∆ on the D/R-element (Fig. 2). The requirements
for the wave propagation to the backward direction are
more complicated and depend both on the phase shift ∆
and on the distance d between the E/A-feed and D/R –
element.
The D/R-element fulfils a role of the director if (i) there
is a forward constructive interference due to the phase
shift ∆ = 0 on the D-element and (ii) a backward de-
structive interference due to the phase shift ∆ = pi on
the D-element and additional phase shift on the distance
d = λ/4. The D/R-element fulfils a function of the re-
flector if (i) there is a forward destructive interference
due to the phase shift ∆ = pi on the R-element and (ii)
a backward constructive interference due to the phase
shift ∆ = 0 on the D-element and additional phase shift
on the distance d = λ/4. Unfortunately, the conditions
for the optimal phase (∆ = 0 or ∆ = pi) are incompati-
ble with the condition for the strong resonance response
of a D/R-element that has the maximum at ∆ = pi/2.
A trade-off between the optimum conditions for a phase
and an amplitude can be found by numerical methods.
There are too many antennas designs for us to describe
them all here, and we must concentrate on the essentials.
Many of the antennas designs share the same basic ar-
chitecture, and differ mainly in the size and number of
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FIG. 2: (Color online) Schematic of the two regimes
of Fano-antennas. The antenna is composed of two ele-
ments: the emitting/absorbing element (E/A-feed) and di-
recting/reflecting element (D/R – element). The upper dia-
gram shows the directing interference regime and the lower
diagram shows the reflecting interference regime. The dis-
tance between the E/A-feed and D/R – element denoted by
d.
D/R-elements. We will discuss two of the most important
D/R-elements (a wire and a sphere), and conclude with
an examination of different antennas types operating on
the principles defined by the Fano resonance.
B. Thin metal wire as a radio-frequency
Fano-antenna
Let us consider the possibility of describing the far-
field pattern of radio antenna with a thin metal wire as
a D/R-element by the Fano formula. It is particularly
remarkable that in the seminal paper by Yagi23 one can
easily identify the Fano resonance profiles in a depen-
dence of the current on the antennas wire length L. In-
deed, the emission pattern for arbitrary set of dipoles can
be represented in the form47,48
c(n) =
∑
i
(
(I− nnT )Pi −
√
µ0
ε0
n×Mi
)
e−iknri , (4)
where Pi and Mi are electrical and magnetic dipole mo-
ments of an antennas elements with the position ri, k
is the wave number, ε0 and µ0 are the vacuum permit-
tivity and permeability, and n is a unit vector in the
direction of the radiation in the far-field. It is possible
to transform equation (4) into Fano equation (1) if we
can separate a frequency range in which the spectral de-
pendence of one dipole moment is well approximated by
a resonant Lorenz function AeiδA(ε− i)−1 and all others
dipole moments changing slowly and can be described
by the function BeiδB . Importantly, the phase difference
δ = δA − δB which determines the Fano parameter q
[equation (3)] posses a strong directional dependence be-
cause all terms in equation (4) depend on the direction
n.
In the frequency range L ≈ λ/2, the thin wire an-
tenna has an isolated electric dipole moment [Fig. 3(a)].
The corresponding polarizability has a resonance feature,
which can be expressed as a product of slowly varying
background and the Lorenz function (see Appendix A).
The resonance response is specified by a Q-factor of
ω0/Γ ≈ 10. If there are only two dipoles (the E/A-feed
and D/R – element), equation (4) can be simplified as
cxz(ϕ) = cosϕ+ (ada
e cosϕ− cdam)e−ikd cosϕ, (5)
Here ϕ is the angle between forward direction and
the direction n, ae and am are electrical and mag-
netic polarizability, ad = fd
(
k2 − d−2 + ikd−1), cd =
fd
(
k2 + ikd−1
)
, fd = e
ikd/d. For a thin wire antenna we
have the relation AeiδA(ε − i)−1 = adae cosϕ e−ikd cosϕ
because the polarizability ae is proportional to the Lorenz
function, B = cosϕ and δB = 0. In this case it is possible
to yield the Fano parameter q from equation (3).
As an illustration of the approach based on the Fano
resonance, we are interesting in an antenna configura-
tion in which one frequency corresponds the antenna to
radiate in the forward direction, and the other frequency
corresponds the antenna to radiate in the backward di-
rection (Fig. 2). Since the Maxwell equations are scalable
with frequency and geometrical dimensions, we may re-
formulate the problem. Let us fix a configuration of the
Fano-antenna and find the operating frequency for the
main lobe with forward and backward orientation. The
reason is that the investigation of the spectral depen-
dence is more instructive and convenient for the experi-
mental realization. Moreover, in terms of the Fano reso-
nance this problem has the obvious solution: an antenna
configuration should provide a different sign of the Fano
asymmetry parameter q depending on the frequency of
interest.
In the problem of thin wire Fano-antenna the variable
parameter is the distance d between the E/A-feed and
D/R – element (Fig. 2). The dependencies of the Fano
parameter q and the interaction coefficient η on the nor-
malized distance d/L are presented in Fig. 3(b).
C. Dielectric sphere as a Fano nanoantenna
As a D/R-element of the Fano-antenna, we can con-
sider not only a thin metallic wire, but also any other
element having a resonant polarizability. Here we dis-
cuss a Fano-antenna constructed from the all-dielectric
spherical particles19,21. The advantage of dielectric ma-
terials is the ability of a direct scaling-down of the oper-
ating frequency to the visible range as the particles size
is reduced. In contrast to the thin metallic wires, spheri-
cal particles have both electrical and magnetic moments
within the range of the magnetic resonance for low fre-
quencies [see Fig. 3(a)]. Therefore, unlike the case of
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FIG. 3: (Color online) Fano-regimes in antennas. (a) The Lorenz-Mie coefficient spectra of the lower multipole electric (a1,
a2) and magnetic (b1,b2) moments of a single dielectric sphere with ε = 16 versus the dimensionless frequency. In the spectral
region of the Fano resonance between isolated magnetic dipole moment b1 and slowly changing electric dipole moment a1,
blue indicates the region of the forward constructive interference and red indicates the region of the backward constructive
interference in accordance with Fig. 2. (b,c) The Fano parameter q and the interaction coefficient η as a function of the
normalized distance d/L (for a wire) or d/r (for a sphere). Yellow and green shading suggest the intervals 2.75 < d/r < 5 (for
a sphere) and 1.8 < d/L < 4.3 (for a wire) where the Fano parameter q changes the sign for forward and backward emission.
metallic wires, in the Fano model for all-dielectric anten-
nas the magnetic resonance plays the role of a narrow
band. The corresponding Q-factor increases almost lin-
early with increasing the dielectric constant. When the
dielectric constant is about 10, the Q-factor is close to
10.
Here we will examine applicability of the Fano con-
cept for describing the far-field pattern of all-dielectric
antennas. We notice that the magnetic moment is pseu-
dovector and, as a result, the directivity pattern is formed
even for zero spacing between the E/A-feed and D/R –
element (d = 0). The magnetic moment is oriented in
the z direction. Therefore, in addition to the radiation
pattern in the xz plane, we consider the pattern in the
xy plane
cxy(ϕ) = 1 + (ara
e − cram cosϕ)e−ikd cosϕ. (6)
With a large dielectric constant, the magnetic dipole res-
onance is standing out against the slowly varying elec-
tric resonance [see Fig. 3(a)]. Thus, in the xy plane
we have AeiδA(ε − i)−1 = cram cosϕ e−ikd cosϕ and
BeiδB = cosϕ + ada
e cosϕe−ikd cosϕ; more details are
given in Appendix B. For the xz plane, the similar equa-
tions have forms AeiδA(ε − i)−1 = cram cosϕe−ikd cosϕ
and BeiδB = 1 + ara
ee−ikd cosϕ. Now it is easy to ob-
tain the Fano parameter q and interaction coefficient η
from Eqs. (2) and (3). The corresponding dependencies
as functions of the normalized distance d/r are presented
in Fig. 3(b).
Figure 4 summarizes our theoretical results. Inten-
sity of the emission spectra calculated in the dipole ap-
proximation for selected high symmetry directions in the
3D space is presented in Fig. 4(a). The far-field radia-
tion intensity in the xz-plane for the forward (ϕ = 0)
and backward (ϕ = 180◦) directions is evaluated from
Eq. (6). The condition when the Fano parameters for the
forward and backward directions have the same modules
but different signs (q = ±1.5) takes place at d/r = 3.5
[Fig. 3(b)]. Figure 4 shows that at d/r = 3.5 the max-
imum of the emission to the forward direction coincide
with the minimum of the emission in the backward direc-
tion, and vice versa. The 3D far-field pattern for three
selected frequencies are marked in Fig. 4(a) by arrows
with corresponding colors. The Fano parameter q for
the main lobe is shown for each pattern. The Fano-type
switching of the main lobe is illustrated in Fig. 4(b) where
the 3D far-field patterns are presented. The blue pat-
tern (at q = −1.5) demonstrates the maximum emission
in the forward direction at the frequency 2r/λ = 0.236,
whereas the red pattern (at q = +1.5) demonstrates the
maximum emission in the backward direction at the fre-
quency 2r/λ = 0.246.
D. Experimental observation of Fano resonance in
all-dielectric antennas
To estimate the performance of the Fano-antenna,
first we perform the full wave simulations of the an-
tenna’s response by employing the CST Microwave Stu-
dio. We consider the Fano-antenna composed of a dielec-
tric sphere and a source. We set the sphere permittiv-
ity and radius equal to ε = 16 and r = 4 mm, respec-
tively. As the source, we model a short oscillator with
the total length of L = 8 mm (l < λ/4) and diameter of
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FIG. 4: (Color online) Spatial dependence of the Fano resonance and directivity patterns. (a) Spectral dependencies of the
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and d/r = 3.5. (b) The 3D far-field pattern for three selected frequencies marked in the panel (a) by arrows with corresponding
colors. The Fano parameter q for the main lobe is shown for each pattern.
a = 2 mm excited by a point source in the middle. In nu-
merical simulations, we adjust the distances between the
sphere center and dipole to achieve an effective switching
of the main lobe [see Figs. 5(a-c)]. This switching occurs
when the distance between sphere center and the dipole
is d = 14 mm (d/r = 3.5). The corresponding radiation
patterns are depicted in the figure.
As the next step, we perform the experimental studies
of the Fano-antenna in an anechoic chamber. The dielec-
tric sphere is made of MgO-TiO2 ceramic characterized
by the dielectric permittivity ε = 16 and dielectric loss
factor of 1.12 · 10−4 measured in the frequency range 8
- 12 GHz. The sphere radius is r = 4 mm with the
accuracy of ±0.05 mm. To feed the vibrator with the
total length of L = 8 mm, we employ a coaxial cable
that is connected to an Agilent E8362C vector network
analyzer. The Fano-antenna radiation patterns in the
far-field (at the distance ∼= 3 m, ∼= 100λ) is measured by
a horn antenna and rotating table. The effective switch-
ing of the Fano-antenna main lobe measured in xy-and
xz-planes has been found at the frequencies 9.06 GHz
and 9.55 GHz [see Fig. 5(d)]. The measured value of the
directivity is 3.5 at the frequencies 9.06 GHz and 9.55
GHz. The measured characteristics agree very well with
the numerically simulated results.
III. DISCUSSION
Our modern wireless society is based on differ-
ent types of antennas having both traditional features
and advanced functionalities including sensing, high-
performance solar cells, energy communication between
nanoemitters, quantum-dot pumping etc. To meet a
growing number of new demands, an antenna should pos-
sess versatile properties such as the ability of tuning the
operating frequencies, receiving and transmitting electro-
magnetic waves in different directions. The concept of
Fano-antennas provides a unique opportunity to switch
the direction of the main lobe and to communicate at
different operating frequencies.
Now we can answer positively the question that was
formulated above: using the results of our theoretical
model we demonstrate experimentally that it becomes
possible to switch the antenna’s radiation direction by
changing the sign of the Fano asymmetry parameter q at
realistic geometric parameters of antennas. We present a
simple analytical solution of the problem that can be used
to design a tunable Fano-antenna with required proper-
ties. To develop a Fano-antenna, one needs to choose cor-
rectly the geometrical parameter d/r for a sphere, or the
parameter d/L for a wire. Specifically, Fig. 3(b) shows
that the parameter q changes its sign for the forward and
backward emission within the intervals 2.75 < d/r < 5
(for a sphere) and 1.8 < d/L < 4.3 (for a wire). Accord-
ing to Eq. (1), for effective operation one need larger in-
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teraction coefficient η. Therefore, it is necessary to avoid
the resonance regions of q = ±∞ at d/r = 2.75 (for a
sphere) and d/L = 1.8, 4.3 (for a wire), where η vanishes
[see Fig. 3(b)].
We emphasize the distinguished character of the Fano
resonance discussed here. Usually the Fano resonance is
considered for isotropic radiation or scattering and only
in the spectral range without others variable parame-
ters35,39,40,44,45. In the case of Fano-antennas with the
structural symmetry breaking, the parameter q is related
to the phase shifts in the forward and backward direc-
tions, and it has a pronounced directional dependence
leading to an asymmetric far-field radiation pattern. For
this reason, we introduce new variable parameter ϕ that
defines the spatial radiation direction. Consequently, the
Fano parameter q depends on ϕ realizing the spatially
dependent Fano resonance.
Finally, in a number of papers devoted to antennas,
it is easy to recognize the characteristic Fano-like asym-
metric profiles and the forward-backward switching ef-
fect discovered for different types of antennas, including
Yagi-Uda radio-frequency antennas23, all-dielectric an-
tennas19,21, nonlinear hybrid metal-dielectric nanoanten-
nas49, split-ring resonator optical antennas33, plasmonic
nanoantennas45,50–52. We believe that our concept of
Fano-antennas employing the parameter ϕ can strongly
expand the applications of Fano resonance in nanopho-
tonics including novel types of nanostructures such as
oligomers44,45), and novel functionalities such as sensing,
optical communications, light generation and routing at
the nanoscale.
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Appendix A: Radio-frequency Fano antennas
The electric polarizability of a thin-wire antenna is
approximated by the Lorenz function multiplied by a
slow varying function. We solve the inhomogeneous wave
equation for the electric field by means of the dyadic
Green function53. Taking into account that the tangen-
tial component of the electric field vanishes at the an-
tenna boundaries, we can express the scattering field in
the form
Escaty (r) = i
µ0ω
k2
(
∂2
∂y2
+ k2)
∫
dr′
eik|r−r
′|
4pi|r− r′|jy(r
′). (A1)
assuming that the antenna is oriented along the y axis.
Here Escaty (r) is the y-component of the scattered electric
field, ω is frequency, c is the speed of light, µ0 is magnetic
constant, k = ω/c is the wavenumber, and jy is the cur-
rent density. Using King’s approximation24, the integral
is evaluated as a sum of real and imaginary functions, the
latter is responsible for the radiative decay. As a result,
we find the current which allows to estimate the electric
polarizability of the antenna46
ae ≈ 4h
Z˜0k2pi
F (kh), (A2)
where F (x) is a function with the Lorenz function factor
F (x) =
(3x+ sinx− 3iZ − 8 sin x2 )(1− cosx)
(3iZ − 32pi − 1)
1
x− x0 + iΓ
(A3)
and the parameters of the Lorenz function are
x0 =
pi
2
− 4(
3
2pi + 1)
9Z2 + ( 32pi + 1)
2
, (A4)
Γ =
12Z
9Z2 + ( 32pi + 1)
2
. (A5)
The impedance Z˜ reads
Z˜0 = ln
((
pih
2a
)2
+ 1
)
, (A6)
where a and h is the wire radius and antenna’s half-
length, respectively.
Appendix B: Dielectric spheres
It is known that for the frequencies not exceeding
the frequency of the first electric dipole resonance, it
is sufficient taking into account only the electric and
magnetic dipole moments54. The corresponding polar-
izability can be found from the Lorenz-Mie coefficients
ae = 3i(2k3)−1a1 and am = 3i(2k3)−1b1, and they have
the form
an(x) =
mψn(mx)ψ
′
n(x)− ψn(x)ψ′n(mx)
mψn(mx)ζ ′n(x)− ζn(x)ψ′n(mx)
, (B1)
bn(x) =
ψn(mx)ψ
′
n(x)−mψn(x)ψ′n(mx)
ψn(mx)ζ ′n(x)−mζn(x)ψ′n(mx)
, (B2)
presented in terms of the Riccati-Bessel functions [real
ψn(x) and complex ζn(x)]. Here m = ns/nh is the con-
trast of the refractive indices of the spherical particle
ns and surrounding medium nh, and the size parame-
ter x = kr is a product of the particle radius and the
wavenumber.
The frequency of the first electric dipole resonance is
about one and a half times higher than the frequency
of the first magnetic dipole resonance. Thus, for suf-
ficiently narrow resonances within the band of the mag-
netic dipole resonance, the electric polarizability does not
change significantly [Fig. 3(a)]. Therefore, we can express
the Lorenz-Mie coefficient b1 as the product of the Lorenz
function and slowly varying coefficient, namely
b1(x) ≈ iγe
−ix
m
(sinxψ1(mx)−mψ1(x) sinmx) 1
1− iΩ ,
(B3)
where
ψ1(x) =
sinx
x
− cosx, (B4)
γ = m− i
pi
(m2 − 1), (B5)
Ω = (x− x0)|γ|2, (B6)
x0 =
(m2 − 2)(m2 − 1) + pi2m2
mpi|γ|2 , (B7)
Γ =
2
|γ|2 . (B8)
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